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Il U 1Ell Iu1111. 
TYPICAL CROSS-SECTIONS OF EARLY SEWERS 
FIGURE 1.1 
(After Read, ref. 1) 
STAGE 1 
Mortar is eroded or attacked chemically. 
Visible defect: mortar loss. 
STAGE 2 
Loss of mortar between bricks allows joints to 
close causing inner ring of crown to "squat" and 
separate from outer ring. 
Visible defects: total mortar loss, deformation of 
crown, displaced bricks. 
STAGE 3 
Loss of compressive load on inner ring of bricks 
in crown allows bricks to be dislodged and fall 
causing progressive collapse of inner ring. 
Visible defects: missing bricks, bricks in invert. 
NB: this mechanism may occur in single ring 
sewers where the ground "arches" above the 
sewer, as well as in multi-ring sewers. 
FAILURE DUE TO LOSS OF BRICKS IN CROWN 
FIGURE 1.2 
(After W.R.C., ref. 2) 
STAGE 1 
Deterioration of mortar allows infiltration. 
Visible defects: mortar loss. Infiltration is rarely 
visible in the invert. 
STAGE 2 
Infiltration rate rises and brings in fine soil 
particles causing voids to form around sewer 
invert. 
Visible defects: mortar loss, sand in sewer, longi-
tudinal crack may be visible near water level. 
STAGE 3 
Deterioration of mortar and loss of support 
beneath sewer allows invert section to drop into 
void. Sewer loses structural integrity and side 
walls may drop or may be held by mortar or 
friction. 
Visible defects: as above plus fracture around 
water line, dropped invert, displaced bricks in 
walls, deformation, loss of level. 
DROPPED INVERT MODE OF FAILURE 
FIGURE 1.3 
(After W.R.C., ref. 2) 
STAGE 1 
Mortar loss allows infiltration which begins to 
wash in fine soil. 
Visible defects: mortar loss, infiltration. 
STAGE 2 
Voids or zones of low compaction form outside 
sewer walls allowing the sewer to "spread" at 
springing level, causing crown to crack and 
drop. 
Visible defects: deformation, crack at crown. 
STAGE 3 
Mechanism proceeds and fracture forms at 
crown as the springings continue to spread. 
Sewer develops "heart" shape and crown even- 	o 
tually collapses. 
Visible defects: deformation, heorting, fracture 
at crown. 
FAILURE DUE TO LOSS OF SIDE SUPPORT 
FIGURE 1.4 
(After W.R.C., ref. 2) 
CHAPTER 2 
NON-DESTRUCTIVE METHODS OF ASSESSING MASONRY STRUCTURES 
Impact spring 	 Window and scale 	Release catch 
Concrete 	 Rider on 
surface I guide rod 	 Hammer guide 
7' 
Plunger 	 Housing 	 Compression spring 
	
Hammer mass 	 Locking button 
SCHMIDT REBOUND HAMMER 
FIGURE 2.1 
(After Bungey, ref. 6) 
Ix 
Tx 	 RX 
0 	
INDIRECT or SURFACE TRANSMISSION 
methods at propagating ultrasonic pulses 
ULTRASONIC PULSE VELOCITY MEASUREMENT USING PUNDIT 
FIGURE 2.2 
(After C.N.S., ref. 89) 
r1 
Spall area 
Partial failure zone 
Compression bulb 
WINDSOR PROBE TEST 
FIGURE 2.3 
(After Bungey, ref. 6) 
Form 
   
Threaded shaft 
coupled 10 hydraulic jack 
and insert 














LOK-TEST INSERT AND "AMERICAN" INSERT 
FIGURE 2.4 
(After Bungey, ref. 6) 
.11 	 - 
_ • ioI'.". ,•e.J .._, 
PULL-OUT TEST (MASONRY) 
FIGURE 2.5 
(After Noland et al, ref. 8) 
tensile force 
epoxy resin 	J _4_._steel/o(uminium 
adhesive N j 	
disk. 
typical failure I 17 -.:..  surface 
(a) Arrangement for testing uncored specimens 
tensile force 
epoxy resin




(b)Arrangement for testing partially cored specimens 
PULL-OFF TEST 
FIGURE 2.6 




(After Steinbach & Vey, ref. 22) 















POWER 	 TRIGGER 
UNIT CH A 
STORAGE 
USCILLOSCUPE 
MECHANICAL PULSE SYSTEM 
FIGURE 2.8 









10*0 FRAME FOR MASONRY WALLS 
FLATJACK TEST 
FIGURE 2.9 
(After Rossi, ref. 26) 







Schematic diagram of thock test. 
IMPULSE SHOCK TEST 
FIGURE 2.10 
(After Higgs & Robertson, ref. 37) 
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f r1 1 — NNJ  
Fr.qu.ic I Hx 
MECHANICAL ADMITTANCE RESPONSE CURVE 
FOR A CYLINDRICAL PILE 
FIGURE 2.11 
(After Davis & Dunn, ref. 23) 
(a) rigid base 
jr 
	 ).U. 
(b) intermediate elastic base HA 
(c) infinitely compressible base 
f t 
4 	 17 
1- 	2L 
EFFECT OF BASE COMPRESSIBILITY ON RESONANCE FREQUENCY 
FIGURE 2.12 












LONGITUDINAL ELASTIC WAVES IN A ROD 
FIGURE 3.1 









	 (2 - Elementary theory) 
08 
(1 - Exact theory) 
0. 1.  
02 
0 	 1 	 2 	 3 
A 
APPROXIMATE THEORIES OF 
LONGITUDINAL ELASTIC WAVES IN A CYLINDER 
FIGURE 3.3 










(c) (b)' 	(c) I 	(d) 














WAVE PROPAGATION IN RECTANGULAR RODS 
FIGURE 3.4 
(after Morse, ref. 49) 
C 
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Tim. Q..c) 
PULSE DISTORTION IN A CYLINDRICAL ROD 
FIGURE 3.5 
(after Hsieh and Koisky, ref. 50) 
3 
END RESONANCES IN A CYLINDRICAL ROD 
FIGURE 3.6 
(after Oliver, ref. 52) 
- 	 I 	 ti  -- - - 
 
END RESONANCE MODE SHAPES IN A CYLINDRICAL ROD 
FIGURE 3.7 
(after Chan, ref. 30) 
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(d) 	 1, end 
- 	 V r 
ELASTIC WAVE PROPAGATION IN A BAR WITH FREE ENDS 
FIGURE 3.8 
(after Prakash, ref. 58) 
Cl L 
V. 	 V. 
a = 0 
U=O 
 
Compression 	 Compression 
rL 







iii• T • ' iii 	I 
(d) 	 z * 	Fixed end 
a 
ELASTIC WAVE PROPAGATION IN A BAR WITH FIXED ENDS 
FIGURE 3.9 










REFLECTION AND TRANSMISSION AT A MEDIUM BOUNDARY 
FIGURE 3.10 
(after Filipczynski, ref. 53) 
o' 03 
1/4 	11  
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,i:Q (Pcote1  
06 	08 	1 .0 
fl/A 
PHASE VELOCITY IN A CYLINDRICAL SHELL 
FIGURE 3.11 
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h 1 
APPROXIMATE THEORY OF LONGITUDINAL WAVES IN A SHELL 
FIGURE 3.12 
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—0.4 —0.2 0 0.2 0.4 0.6 0.8 1.0 
U( a t depth:) W(61 depth:) 
W(at:0) 
VARIATION OF THE AMPLITUDE OF VIBRATION OF THE HORIZONTAL 
AND VERTICAL COMPONENTS OF RAYLEIGH WAVES WITH DEPTH 
FIGURE 3.13 







Point ,4 is the 













Vertical particle motion 
 
( 	 Particle motion 
Direction of wave propagation 	- 
Combined particle motion 
 
WAVE SYSTEM FROM SURFACE POINT SOURCE IN IDEAL MEDIUM 
FIGURE 3.14 










0 	0.1 	0.2 	0.3 	0.4 
	
0.5 
Poisson's ratio, v 
RELATIONSHIP BETWEEN POISSON'S RATIO AND VELOCITIES OF 
PROPAGATION OF COMPRESSION, SHEAR AND RAYLEIGH WAVES 
IN A SEMI—INFINITE ELASTIC MEDIUM 
FIGURE 3.15 
(after Richart, ref. 62) 
CHAPTER 4 
ANALYSIS AND PROCESSING OF SIGNALS 









Three dimensional coordinates showing time, frequency 
and amplitude 
Time domain view 
Frequency domain view 
THE RELATIONSHIP BETWEEN THE TIME AND FREQUENCY DOMAINS 
FIGURE 4.1 
3 
G(f) = (g(t)e' 2ffft  dt 
'.00 
00 
g(t) = 	G(f)e1 2 ' 	df 
f-00 
Infinite and continuous in 
time and frequency domains 
THE INTEGRAL TRANSFORM 
FIGURE 4.2 
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GRAPHICAL DEVELOPMENT OF THE DISCRETE FOURIER TRANSFORM 
FIGURE 4.3 
(after Brigham, ref. 63) 
A 
Sampling points 	 lime 
ALIASING 
FIGURE 4.4 
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—31T 	—2/T 	—lIT 	0 	lIT 	2/T 
(b) 
RECTANGULAR WEIGHTING FUNCTION 
FIGURE 4.5 
(after Bendat, ref. 74) 
3/T 1 
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LEAKAGE EFFECTS WITH THE RECTANGULAR WINDOW 
FIGURE 4.6 
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—31T 	—2/T 	—lIT 	0 	lIT 	2/T 	3/T 
Spectral window 
HANNING ANALYSIS WINDOW 
FIGURE 4.7 
(after Bendat, ref. 74) 
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1 	8 	8 TO I? 14 18 18 20 22 24 26 28 3031 
FREQUENCY 
(8) 
USE OF THE HANNING FUNCTION TO REDUCE LEAKAGE 
FIGURE 4.8 

















(after Sohaney, ref. 68) 
(a) Polaroid records from analogue oscilloscope 
vy 
TL 	 Yx 
(b) Plot from a digital oscilloscope 
W5 TIME CH.B 	 REAL 	 MAIN Y: 3.25mU 
Y: 325mU 	 X: 0.000ms 





0 	 2m 	 4m 	 Sm 	 8m 	 lOin 	 12m 	 14m 
(C) Pots from a signal analyser 
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(c) (\ ,Original 	 ho 	
Phase variation 
Period Af = 1/i- 
f 1 (t) IN 1` 2 )0 	 Time 
MODEL OF THE USE OF CEPSTRUM TO DETECT AN ECHO 
FIGURE 4.14 










































































































































































































































































































































































































































































































































































































a(t) 	I b(t) 
I 	h(t) 	 p 
( I  
I 	I I •H(f) 	 -o 
A(f) 	 B(f) 
System with input signal a(t) and output signal b(t). The Fourier 
Transform of a(t) and b(t) are A(f) and B(f) respectively 
FIGURE 4.18 





























































































































































































































































































































































































































































































































































































































INVESTIGATION OF EQUIPMENT 



























































Propagation time = t 
Transmission velocity = path length / t 
Velocity 
t/2 	 t 
Time 
Delay Echo Method 
DETERMINATION OF PROPAGATION TIME USING PULSE METHODS 
FIGURE 6.3 
EQUIPMENT - PHASE A: TYPICAL TEST RESULTS 
FIGURE 6.4 





















0 	 LIN (Hz] 
	
6400 
(a) 3 lb Hammer 
Auto Spec Ch.A PWR Lin Avg: 1 
50.0 
(1) - plastic (hard) 
(dO] 
	
(2) - plastic (medium) 
(3) - plastic (soft) 
30.0 










(b) 12 lb Hammer 
HAMMER FORCE AUTO SPECTRA 
FIGURE 6.5 












 - plastic 	(hard) 
 
 
- plastic 	(medium).- 
- plastic 	(soft) 
 - rubber 
 - aluminium tip 
Cs) 	 125 
FORCE RECORDS - 3 LB HAMMER WITH DIFFERENT TIPS 
FIGURE 6.6 
F(t) 	 F(t) 
Vibration measurement system response to half sine wave pulse of 
length T. 
"Zero Shift" limits the low-frequency response of the system. 
'Ringing" limits the high frequency response of the system 
ZERO SHIFT AND RINGING 
FIGURE 6.7 







































































































































































































































































Aft nt.qvutor lCut.aH frmuencv 10 Wz) J Z 
71 
Practical integration of 2 different length acceleration pulses to veloc- 
ity and displacement using the same integration cutoff frequency 
Signal Distortion due to Integration - DC Shift 
FIGURE 6.9 































































































































































































































































































































































































































































































(t) 	G s)t) 
AweniQi 
F Auto. 
cV,.B instant instant Auto. correlation 
(input) Tim. Spectrum spectrum 
b(i) NO 	 0,01) 
)r) 
R.cOrd(ttp Analysis 	 Averaging Post Processing 
Simplified block diagram of the analyzer in the dual channel 
spectrum averaging mode 
FIGURE 6.15 
(after Herlufsen, ref. 75) 
R3 TIME CH.A 	 REAL 	INPUT 	MAIN Y: 	111U 






(a) Time Domain 
-10k 
0 	 lm 	 2m 	 3m 	 4m 	 Sm 	 Gm 	 7m 
SETUP W1O 
MEASUREMENT: DUAL SPECTRUM AVERAGING 
TRIGGER: 	CH.A 	 +SLOPE LEVEL: 1-0.10 MAX INPUT 
DELAY: TRIG-A: -1.007mg 	 CH.A-.B: 0.000mg 
AVERAGING: 	LIN 	5 
FRED SPAN: 	25.6kHz 	F:32Hz 	1:31.3mg 	T:15.3jjs 
CENTER FRED: BASEBAND 
WEIGHT CH.A: TRANSIENT 	SHIFT:0.000ms 	LENGTH:2.502ms 
WEIGHT CH.B: EXPONENTIAL SHIFT:0.000mg LENGTH: 20.004mg 
CH.A: 	 GV 	+ 	3Hz DIR 	FILT:BOTH 	92.0V/N 
CH.B: 6V i- 3Hz DIR FILT:9OTH 31.6V/m/g 
GENERATOR: 	DISABLED 
TIME CH.A 	 REAL 	INPUT 	MAIN Y: 9.95U 
8.94k1J 	 X: 0.00mg 









(b) Frequency Domain 
-6k 
-8k 
() 	lUm 	20m 	30m 	40m 	50m 	SOm 	70m 	BOrn 	90m lOOm hOrn 120m 
SETUP W9 
MEASUREMENT: DUAL SPECTRUM AVERAGING 
TRIGGER: 	CH.A 	 +SL0PE LEVEL: +0.10 MAX INPUT 
DELAY: 	 TRIG-Ax -0.97mg 	 CH.A-.B: 0.00mg 
AVERAGING: 	LIN 	S 
FRED SPAN: 	1.6kHz 	F:2Hz 	 1:500mg 	T:244j.js 
CENTER FRED: BASEBAND 
WEIGHT CH.A: TRANSIENT 	SHIFT:O.00mg 	 LENGTH:4.63mg 
WEIGHT CH.B: EXPONENTIAL SHIFT:O.00ms LENGTH:50.04ms 
CH.A: 	 6V 	+ 	3Hz DIR 	FILT:B0TH 	184jV/N 
CH.B: 6V 1- 3Hz DIR FILT:B0TH 31.6V/m/s 
GENERATOR: 	DISABLED 
EQUIPMENT - PHASE D 









F LS .00?81 
Time Ch.B Real 







Auto Coor Ch.B Real Lin Avg: 20 















EQUIPMENT - PHASE D 






















































































































































EQUIPMENT USED BY FEGEN 
PLATE 6.1 






3 lb INSTRUMENTED HAMMER 
PLATE 6.3 
12 lb INSTRUMENTED HAMMER 
PLATE 6.4 
-: - 	 -; 
- - 
-:-- 	•-- 	-- - 
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- 	 - 
- 	 - 	 -. S -- -- 
ACCELEROMETER AND CONDITIONING UNIT 
PLATE 6.5 
a. 
qqll~ - -.1 






MEASUREMENT EQUIPMENT IN PHASE D EXPERIMENTS 
PLATE 6.7 
I 
ANALYSIS INSTRUMENTATION USED IN PHASE D 
PLATE 6.8 




(ENHANCED SIGNAL PROCESSING AND ANALYSIS) 















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































[$ TIME CH.B 	 REAL 
Y: 	41.lmU 
X: O.00Om + 7.81ms 
SETUP W1O 
INPUT 	MAIN Y: 788uU 
X: O.000ms 
Predicted position and shape 






protrusion 	 v 	4th echo 
	





1st base echo 	3rd base echo 
...
0 	 lm 	 2m 	 3m 	 4m 	 5m 	 Gm 	 7m 
Predicted position and shape 
Base echoes 
VELOCITY TIME RECORD 



























































































































































































































































































































































































































































































































$ TIME CH.B 	 REAL 
	




X: 0.000mg + 7.81mg 
SETUP W1O 
Cut echoes 
VELOCITY TIME RECORD 
COLUMN 2: 50 % MORTAR DEFECT 
FIGURE 7.20 
Time Ch.B Real 
COLUMN 6 	ONE DEFECT 
:53 
	
Cv] 	I .1 
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I 	1 \ 
[r. 
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---- --- --------- 
	
-- ---------- ------- w tl 
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LL #L.L M/JT 
Ln 




Auto Coor Ch.B Real Lin Rvg: 1 
COLUMN 6 - ONE DEFECT 
1 	-- --------------------.- - - 	 ------------------------------------- 
C] 
.5 r- ------------------- if --- 
co 
--r---- ------- - -r---------------- ---- - - - --r ........----r- 
0 	 Cs] 	 .00281 
AUTO—CORRELATION AND VELOCITY TIME RECORD 
















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































COLUMN 2: DEFECT IN MORTAR 
PLATE 7.2 
CHAPTER 8 
LABORATORY SEWER TESTS 
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